Electroless templating on DNA is established as a means to prepare high aspect ratio nanowires via aqueous reactions at room temperature. In this report we show how Pd nanowires with extremely small grain sizes (<2 nm) can be prepared by reduction of PdCl 4 2À in the presence of l-DNA. In AFM images the wires are smooth and uniform in appearance, but the grain size estimated by the Scherrer treatment of line broadening in X-ray diffraction is less than the diameter of the wires from AFM (of order 10 nm). Electrical characterisation of single nanowires by conductive AFM shows ohmic behaviour, but with high contact resistances and a resistivity ($10 À2 U cm) much higher than the bulk value for Pd metal ($10 À5 U cm @20 C). These observations can be accounted for by a model of the nanowire growth mechanism which naturally leads to the formation of a granular metal. Using a simple combing technique with control of the surface hydrophilicity, DNAtemplated Pd nanowires have also been prepared as networks on an Si/SiO 2 substrate. These networks are highly convenient for the preparation of two-terminal electronic sensors for the detection of hydrogen gas. The response of these hydrogen sensors is presented and a model of the sensor response in terms of the diffusion of hydrogen into the nanowires is described. The granular structure of the nanowires makes them relatively poor conductors, but they retain a useful sensitivity to hydrogen gas.
fabrication of functional electronic devices and duplex DNA has been shown to be highly effective for promoting the anisotropic growth of a variety of materials such as organic conducting polymers, 1-8 metals, 9-23 metal oxides, [24] [25] [26] semiconducting chalcogenides, [27] [28] [29] [30] and superconducting alloys. 31 The self-assembly and molecular recognition abilities of DNA may also alleviate the problems of inter-element wiring and positioning at the nanometer scale. 32 The templating reaction proceeds by the formation of nuclei on the template and these nuclei grow and may eventually overlap. 33 The resulting structure is typically either in the form of a smooth nanowire or a series of beads on a string. DNA-templated nanowires have several advantages: ease of fabrication, deposition and controlled alignment on a substrate by molecular combing. 4, 27 They are therefore of particular interest in sensing technology. It is now widely recognised that hydrogen gas sensors are essential for safety reasons in any widespread use of hydrogen as a low-carbon energy source. 34, 35 Hydrogen is highly ammable and becomes explosive when its concentration exceeds 4% in air. 36 The sensors are required to be rapid, sensitive, reliable, cheap, simple to operate and to have high selectivity. The required selectivity can be obtained by using the ability of palladium to sorb hydrogen gas. 37 Electronic sensors have advantages over optical and other devices with respect to the simplicity of the sensor structures and compatibility of the sensor fabrication process with miniaturization and the current IC process. 38 However, bulk Pd-based hydrogen sensors suffer from fundamental problems including long diffusionlimited response times and irreversible resistance changes resulting from the large internal stress caused by the expansion that occurs upon excess hydrogen absorption. 39 Sensors have therefore been designed using various Pd-based nanomaterials, including nanowires, as transducers. [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] Interest in nanowires for use in sensor technology has grown and therefore Pd/DNA nanowires may be attractive for hydrogen sensing. In particular, DNA-templated nanowires offer a simple and cost effective sensor fabrication process. In this report we describe the chemical and structural characterisation of Pd/DNA nanowires, their electrical behaviour and discuss the response of a Pd/DNA nanowire network as a hydrogen sensor.
Experimental

Preparation of Pd/DNA nanowires
Palladium nanowires (Pd/DNA) were prepared by templating the electroless reduction of Pd(II) on lambda DNA (l-DNA) or calf thymus DNA (CT-DNA). l-DNA was purchased from New England Biolabs (cat. no. N30011S Hitch, Herts, UK) at a concentration of 500 ng mL À1 in pH 8 buffer; it was used as supplied. CT-DNA was obtained from Sigma-Aldrich (highly polymerised, 6% sodium). All other reagents were obtained from Sigma-Aldrich and were of AnalaR grade or equivalent. Deionized water was obtained from a Barnstead nanopureÔ purication train with nominal resistivity of 18.2 MU cm. Our standard preparation of Pd/DNA nanowires: 10 mL of freshly-prepared K 2 PdCl 4 (aq) (3 mM) was added to 20 mL of l-DNA (500 ng mL À1 ) in the presence of 5 mL sodium citrate (aq) (0.5 mM). The Pd(II) ions were reduced to Pd(0) metal by addition of 5 mL aqueous dimethylaminoborane (DMAB, 10 mM) or NaBH 4 (10 mM). The solution was thoroughly mixed and allowed to react at room temperature for 2-24 h as indicated in the results section. 24 h reaction times were required to form smooth continuous nanowires. Use of NaBH 4 or DMAB as reducing agent produced similar nanowires; some differences between the two are noted in the electrical characterisation below. Slightly different preparation methods were used for UV-Vis spectroscopy and XRD analysis because these techniques require larger samples. CT-DNA was employed for reasons of cost.
For UV-Vis experiments: 2 mL aqueous CT-DNA (162.5 ng mL À1 ) was mixed with 1 mL freshly-prepared K 2 PdCl 4 (aq) (3 mM) in the presence of 0.5 mL sodium citrate (aq) (0.5 mM). 0.5 mL of aqueous dimethylaminoborane (DMAB, 10 mM) was added dropwise to the pale yellow solution.
For XRD experiments:
Half the quantities employed in the UV-Vis experiment were used. A black precipitate of Pd/DNA was formed and was collected by ltration and washed thoroughly with hot ethanol.
FTIR spectroscopy
FTIR spectra (in the range 800-1800 cm
À1
) were recorded in transmission mode with a Bio-Rad Excalibur FTS-40 spectrometer (Varian Inc., Palo Alto, CA, USA) equipped with a liquid nitrogen cooled deuterated triglycine sulphate (DTGS) detector. 128 scans were co-added and averaged and the resolution was 4 cm
. Pd/ DNA solution (8 mL) was deposited on a clean p-Si(100) chip (1 cm Â 1 cm) and dried in air for 1 h prior to analysis. A clean p-Si(100) chip served as the background.
UV-Vis spectroscopy
Ultraviolet-visible (UV-Vis) absorption spectroscopy was employed to monitor the reaction progress. UV-Vis absorbance spectra of Pd nanowires before and aer DMAB reduction were recorded in situ on a Thermo Spectronic GENESYS 6 spectrophotometer at room temperature (wavelength range: 250 to 600 nm).
X-ray photoelectron spectroscopy
An Axis-Ultra photoelectron spectrometer equipped with a monochromatic Al-Ka Xray as the excitation source (1486.7 eV) with an operating power of 150 W (15 kV, 10 mA) was used to collect photoemission spectra of Pd-DNA samples. The photoelectrons were ltered by the hemispherical analyzer and recorded by multichannel detectors. The chamber pressure was 3.2 Â 10 À9 Torr. For the survey scan, the pass energy was 20 eV and the step size was 0.3 eV. The binding energies obtained in the XPS analysis were calibrated using C1s (284.6 eV) as a reference. Spectral peaks were tted with mixed singlet functions or a Doniach-Sunjic doublet function aer subtraction of a Shirley-type background using the WinSpec program developed by LISE laboratory, Belgium. The Pd/DNA samples were prepared by depositing 8 mL of solution on a clean Si(100) substrate and drying in air at room temperature in a laminar ow hood to minimize contamination (Model VLF 4B, Envair, Haslingden, Lancs, U.K.).
X-ray diffraction
The XRD analysis was recorded from a powder sample using X-ray diffractometer system (XPERT-PRO) with graphite monochromatized Cu Kb radiation (l ¼ . Data acquisition was carried out using Nanoscope version 7.00b19 (Dimension Nanoscope V) soware (Veeco Instruments Inc.). Vibrational noise was reduced with an isolation table/acoustic enclosure (Veeco Inc., Metrology Group). Si(100) chips (1 cm Â 1 cm) cut from 100 mm diameter wafer (B-doped, p-type single-side polished; Compart Technology, Cambridge, UK) were used as substrates. The substrate was degreased by immersion in boiling organic solvents (acetone and 2-propanol) for 7 min, then rinsed with water and dried in a stream of nitrogen before silanization. Some chips were rendered hydrophobic by exposure to Me 3 SiCl vapour for 5-7 min. This procedure reduces the number of nanowires that adhere to the substrate when a drop of Pd/DNA solution is placed on the chip. Low nanowire densities facilitate the study of individual nanowires and also the molecular combing process by which they are aligned as the drop of solution is dragged across the surface. Omission of the silanization treatment resulted in the formation of nanowire networks, which were also investigated.
Scanning conductance microscopy (SCM) measurements were carried out in air on the same Dimension Nanoscope V system using MESP probes (n-doped Si cantilevers, with a metallic Co/Cr coating, Veeco Instruments Inc., Metrology Group), with a resonant frequency of ca. 70 kHz, a quality factor of 200-260 and a spring constant of 1-5 N m
À1
. In SCM experiments, a bias voltage is applied between the tip and substrate. No dc current ows because the substrate is coated with a dielectric, but an electrostatic eld is produced between the tip and the substrate. The phase angle between the tip motion and the driving force is related to the force gradient at the tip and is sensitive to the conductance of samples resting on the dielectric as well as their polarizability. The reported SCM phase images show the phase of the tip oscillation at a set li height above the substrate surface (10-100 nm typ.). The substrates comprised p++Si(100) chips with a thermally grown oxide layer (240 nm) as determined by a spectrometric thin lm analyzer (Filmetrics F40).
For conductive AFM (c-AFM) measurements, a constant bias was also applied between the tip and the sample (the tip was grounded). We have previously shown that DNA-templated nanowires facilitate a simple means of making contacts to individual nanowires. 4 Briey, a large amount of nanowires are deposited on the substrate by drop-casting; as the droplet dries, individual nanowires protrude from the main mass of nanowires and are aligned by the receding meniscus. Individual nanowires can be easily imaged by AFM at the edge of the dried mass. Electrical contact to the mass of nanowires was made by applying a drop of In/Ga eutectic to one corner of the chip and to the metallic chuck. c-AFM imaging was performed in contact mode, with an applied bias of 0.5 V. The imaged area was about 1 mm away from the In/Ga contact. The closed loop system of the Dimension V instrument makes it possible to reproducibly position the tip at a point of interest identied in the image of a single Pd/DNA nanowire and to record current-voltage (I-V) curves at that point. The conductance was estimated using the slope of the I-V curve at zero bias.
High-resolution transmission electron microscopy (HRTEM)
The samples for HRTEM and EDS (energy dispersive X-ray spectroscopy) were prepared by placing a drop of the Pd/DNA nanowires solution onto a carboncoated Cu grid followed by slow evaporation of water under ambient conditions. The TEM images were acquired using a high resolution analytical eld emission microscope (HR-FETEM, JEOL JEM-2100F) at Sultan Qaboos University (Oman) at an accelerating voltage of 200 kV and the EDS spectrum was recorded during the TEM experiment.
Electrical characterisation
Two-terminal conductivity measurements were performed using gold microelectrodes fabricated on clean oxidised silicon using a standard reverse photolithography process. The electrode pattern consists of 8 pairs of large gold pads with 2 mm-wide ngers. The gap between each pair of ngers ranged from none to several micrometers and the two pads in each pair are separated by x80 mm. The two small gold ngers in each pair provide contacts to the DNA-templated Pd wires and the two large gold pads serve as electrical contacts for external measurement of the system. The Au microelectrodes were deposited in 100 nmdeep trenches produced by reactive ion etching of the SiO 2 . The amount of deposited Au was controlled so that the surface of the Au microelectrodes is level with the surrounding oxide surface; this enables the alignment and AFM imaging of nanowires across the ngers. In order to study single nanowires, the oxide layer was treated with Me 3 SiCl vapour to facilitate molecular combing. A 2 mL drop of an aqueous solution of Pd/DNA nanowires was placed on these electrodes and nanowires were aligned across the gap between the Au ngers by molecular combing. To obtain Pd/DNA nanowire networks, the Me 3 SiCl treatment was omitted. Electrical measurements were made using a probing station (Cascade Microtech) and a B1500A semiconductor analyser (Agilent). All of the electrical measurements were carried out under dry nitrogen without light illumination. I-V curves at various temperatures were performed on the probe station using a thermal chuck system (Model ETC-200L, ESPEC, Japan).
Hydrogen sensing
To evaluate the Pd/DNA nanowire networks as hydrogen gas sensors, Pd/DNA nanowires were combed on clean Si/SiO 2 substrates on which microfabricated Au electrodes had previously been fabricated. The nanowires adhere strongly to the hydrophilic SiO 2 surface to form a network of interconnected nanowires. Such nanowire networks have the advantage of having multiple routes for current ow within the active sensor element, but, more importantly, between the nanowire network and the contact pads. This creates a signicantly more robust and resilient device than a single nanowire sensor. The device was then connected to a sample holder by wire bonding and then placed in the chamber of the H 2 gas sensing system. The system was composed of a vacuum chamber with heatable sample holder, controlled by a Lakeshore 331 temperature controller, a Keithley 6487 picoammeter for I-V measurements and cylinders of pure N 2 and 2.5% H 2 in N 2 to modify the ambient. The chamber was initially evacuated to a base pressure of about 9 Â 10 À2 Torr and then N 2 was injected using a mass ow controller to create an inert ambient for control tests. Following this, the sensing gas (2.5% H 2 in N 2 mixture) was injected, such that the chamber pressure during the measurements was maintained at x9 Torr. Different H 2 in N 2 concentrations were achieved by varying the relative ow rates of the gases using the mass ow controllers. The hydrogen sensing performance of these network devices was evaluated by recording the electrical response upon exposure to cycles of N 2 ow and H 2 gas of different concentrations (600-2300 ppm) at 330-400 K.
Growth model
The growth of Pd on l-DNA was modelled by a 2D lattice gas simulation. A square lattice (i, j) of 2000 Â 200 lattice points was used to represent the Pd and the surrounding solution. Points at the boundary ( j ¼ 0) represented the template. Periodic boundary conditions were imposed in the direction parallel to the template. Lattice sites were either occupied by an atom of the solid, or by a dissolved metal ion or empty. At each time, a site was selected at random and the following rules applied based on the status of the site and a nearest neighbour, which was also chosen at random: 1. Solid sites are allowed a chance k diss to dissolve into an empty neighbouring site to form a metal ion at that site.
2. Dissolved metal ions were allowed a chance k dep to deposit and become a new solid site if a neighbouring site was solid.
3. Dissolved metal ions simply move to the neighbouring site if it is empty. The values of k diss and k dep were calculated according to the number of solid neighbours of a given site (n). If a site has w solid neighbours, then dissolution was assumed to require the breaking of additional bonds and,
On the other hand, deposition was favoured by the additional bonds formed and k dep is given by:
and w are parameters input to the simulation. This feature of the model is important to allow for the possibility of a surface tension which is an important consideration for the growth process.
33 If w ¼ 0, then the number of bonds between sites has no effect on the growth and surface tension effects are absent from the model. The initial state of the system was taken to be hemispherical nuclei of radius 20 sites on the x-axis, representing the DNA template. The simulations were run for 10 6 -10 7 time steps.
3 Results and discussion intensities in the ngerprint region that indicate intimate interactions between Pd species and DNA and that the prepared nanowires are not mere mixtures of Pd and DNA molecules ( Table 1) . Pd(II) is known to bind to the N7 atoms of the guanine and adenine bases 55 and also the N3 atoms of the thymine and cytosine bases.
14 However, less is known about the interaction of Pd(0) with DNA. Fig. 1 shows the ngerprint region of the l-DNA infrared spectrum. The most intense feature is a broad unresolved band due to PO 2 À symmetric stretch modes and P-O or C-O stretches of the phosphate backbone and sugar centered near 1060 cm
À1
. Aer Pd-templating, this feature is reduced in intensity, shied to higher energy and two components are resolved; one at 1112 cm À1 which we assign to the symmetric phosphate mode and another at 1074 cm ) and the modes associated with the nucleobases in the range 1500-1700 cm
. In particular, the guanine mode at 1705 cm À1 increases in intensity and shis to 1662 cm À1 aer metallisation. Taken together, these changes indicate that there is a strong interaction of the templated material with both the nucleobases and the phosphate backbone. UV-Vis absorption spectra were employed to monitor the reduction of Pd(II) ions and the formation of metallic Pd(0) upon addition of the reducing agent. Electronic spectra of metal nanowires show absorption bands due to the excitation of the plasmon resonance. Noble metals that give a distinct plasmon peak, such as Au, 56 
Ag
57 and Cu 58 are relatively easy to examine by optical spectroscopy. For Pd, the overlap of the DNA and bands related to the reducing agent and Pd(II) complicates the spectra. Fig. 2 shows the UV-Vis absorption spectra of the Pd/DNA solution at different stages of the template synthesis process. The aqueous calf-thymus (CT-DNA) solution exhibits the characteristic nucleic acid absorption band at 260 nm (curve 1); upon complexation with Pd(II) ions, the dominant absorption maximum shied to about 300 nm (curve 3). The formation of a Pd(II)-DNA complex was supported by the red-shi of the Pd(II) band to 400 nm from the value observed in aqueous PdCl 4 2À of 390 nm (curve 2). Aer DMAB reduction to produce Pd metal, the 300 nm peak for the Pd(II)-DNA complex was narrowed, blue-shied to 290 nm and the 400 nm Pd(II) peak disappeared. A long absorption tail, decreasing with wavelength in the range 300-600 nm, remains (curve 4). The shape of this absorption is consistent with metallic Pd nanostructures.
59,60
A high-resolution transmission electron microscopy (HRTEM) image and the EDS spectrum of a network of DNA/Pd nanowires is shown in Fig. 3 . The EDS spectrum consisted mainly of Pd, C, Cu and P peaks. Cu peaks came from the carbon-coated Cu TEM grid, the Pd peak from nanowires, the C peak came from the TEM grid as well as DNA and the small P peak came from the DNA. The EDS analysis conrms directly the presence of Pd on the DNA template. Fig. 4 shows the X-ray powder diffraction pattern for a sample of Pd/DNA nanowires. Peaks due to reections from the (111), (200), (220) and (311) planes of metallic Pd at 2q values of 39 , 46 , 68 and 82 were observed; these are consistent with a previous report. 59 The peaks are very broad and, upon tting a pseudo-Voigt function to the most intense diffraction peak at 2q ¼ 39 , we The feature at 346.3 eV is most likely a plasmon loss band associated with the peak at 335.1 eV. The plasmon energy of 11.2 eV is larger than the 7 eV expected for a surface plasmon and smaller than the bulk plasmon energy of 14 eV, 62,63 but may be an effect of the small particle size. The Pd(II) state observed by XPS, but not XRD is interpreted as an amorphous oxyhydroxide coating the metal crystallite surfaces. We suggest this results from aquation of the PdCl 4 2À followed by hydrolysis.
PdCl 4 2À is known to undergo exchange of Cl À ligands for H 2 O in non-complexing acidic solutions, the pH of l-DNA is buffered at about 8, but some aquation of (Fig. 6a,b ) and little Pd formed off the template is present. These AFM observations also revealed that the samples must be incubated at least 24 h before alignment in order to obtain smooth and continuous Pd nanowires over the whole length of l-DNA. This was shown by imaging different samples which are aligned only a few hours aer preparation and it was observed that in this case, the nanowires appeared with discontinuous parts along the DNA strands, as shown in Fig. 6d for the nanowires aligned aer 2 h. The diameter distribution of the Pd/DNA nanowires was obtained by observing over 90 wires. Fig. 6c is a histogram of the average wire diameter 24 h aer preparation. The average diameter of an individual wire was determined using section analysis along a 3 mm portion of the wire. 26 where the AFM heights are comparable to the crystallite size from the Scherrer analysis. It is therefore also clear that the Pd metal does not form on the DNA template in the same way as previously studied systems, and a schematic illustration of the nanowire structure is presented in Fig. 7 .
In order to rationalise the AFM and XRD results, we carried out lattice gas simulations of the growth process. The initial conguration was assumed to be a constants for dissolution and deposition of the solid, and c N is the concentration of dissolved metal ions at equilibrium. The parameter w determines the additional barrier to dissolution because a site has bonds to its nearest neighbours via eqn (1) and for deposition via eqn (2). This leads to the solid having a bulk surface tension which acts to minimize the area of its surface. The supersaturation can be related to the rate constants, aer taking appropriate macroscopic averages, by hk dep i hk diss i c. We therefore ran simulations with different values of k 0 diss , as dened in eqn (1), in order to study the effect of the driving force on the templating reaction. Unlike other materials we have studied, Pd deposition is expected to be much less reversible and therefore is modelled by choosing a larger driving force for deposition, i.e., a lower value for k (Fig. 8e) whose surface roughness has previously been modelled by a linear thermodynamic treatment. 33 However, when k 0 diss ¼ 0.01, events leading to the coalescence of neighbouring crystallites are rare and, though the external surface of the nanowire may appear very similar, there remain internal voids even at long simulation times. Such a simulation cannot model all the details of the actual Pd deposition, but it does indicate that when the deposition process is irreversible, a complex internal structure is a natural consequence. In the actual chemical system, additional features related to the presence of grain boundaries, deposition of oxide and the possibility of further nucleation events will naturally produce a granular morphology as in Fig. 7 .
Electrical characterisation of Pd/DNA nanowires
The conductivity of the Pd/DNA nanowires was assessed qualitatively by the noncontact scanned conductance microscopy (SCM) technique. The measurement is performed via li mode, a two-pass imaging technique in which the tip oscillates normal to the surface and a dc bias is applied between the tip and substrate. SCM is able to detect conductive objects resting on a dielectric lm because of the change in the energy stored in the tip-substrate capacitance aer insertion of a nanowire between the tip and the substrate; this change in energy is equivalent to a change in the force constant of the cantilever and therefore of the phase of the tip motion. 66 Previous studies have revealed that conducting 1D structures such as single-wall carbon nanotubes have a negative phase shi with respect to background 67 and insulating nanostructures such as polymers or l-DNA show a positive phase shi.
66,67 Fig. 9a-c shows a tapping mode AFM image and the corresponding scanned conductance images of Pd/DNA nanowires, when bias potentials of +6 V and À6 V were applied. The dark appearance of the nanowires in the phase images (Fig. 9b and c) , which corresponds to a negative phase shi as the tip crosses the nanowire, and the quadratic variation of the phase shi with the bias voltage (Fig. 9d) are evidence that the nanowires are conductive and that the phase shi is not due to trapped charge effects. The thin, bright nanowires (positive phase shi) in the phase images are attributed to bare DNA strands because the height of these strands is in the range 1.5-2 nm. Moreover, the phase shi increases as the radius of the templated nanowires increases (Fig. 9e) .
It should be noted that, although the majority of the tested nanowires are conductive, the measurements also revealed the existence of non-conductive nanowires in the sample. These ndings are consistent with the results of the XPS experiments which indicate the presence of oxide in the sample.
Quantitative measurements of Pd/DNA nanowire conductance were obtained by depositing nanowires on chemically oxidised Si(100) substrates to measure I-V curves using c-AFM following a previously developed method. 4 The conductive AFM tip serves as one contact to a nanowire which protrudes from a dense network of nanowires to which an In/Ga eutectic is used to complete the circuit. Fig. 10 shows an SEM image of individual Pd/DNA nanowires stretched out from a dense mass of nanowires deposited from a dried droplet and the I-V curve of a single nanowire selected at the edge of such a dense mass. The dense mass of nanowires serves as the second contact to the nanowire. This technique allows the resistance of a single nanowire and the contacts to be separately determined; a series of I-V curves at different points on the nanowire are recorded and the resistance is then plotted as a function of distance along the nanowire. The conductivity is obtained from the slope of this plot and the measured height; the contact resistance is estimated by extrapolating the plot to zero distance. Fig. 11 shows the plot of resistance against distance. The slope of the regression lines gives the nanowire resistance per unit length as (5.1 AE 0.2 Â 10 8 U cm À1 ). Using the diameter of the nanowire observed in the contact mode image (x20 nm), the conductivity was determined as 1.6 Â 10 4 S m À1 . This is the largest value of conductivity we observed for single Pd/DNA nanowires. This value is lower than both the bulk conductivity of Pd (9.5 Â 10 6 S m À1 ) 68 and a previous report of a 50 nm diameter Pd/DNA nanowire of 2 Â 10 6 S m À1 . 14 A conductivity of 3.33 Â 10 5 S m À1 was also reported for a nanowire prepared by reduction of PdO (height 30 nm and length 450 nm
61
). The conductance of thin nanowires fabricated on DNA templates via Pd(II) reduction have also been reported; the average resistance of a single wire was 800 GU at 10 V.
68 Our c-AFM measurements on various nanowires revealed resistance values in the range of 0.4-0.8 GU for the DNA/Pd nanowires prepared by the reduction of Pd(II) ions with DMAB and in the range of 2-8 MU for the nanowires prepared using NaBH 4 as a reducing agent. Fig. 11 also shows the effect of increasing the tip/nanowire contact force by increasing the set point voltage from 0 to 3 V. A clear decrease in the intercept on the resistance axis is observed at higher forces, which is expected if the tip/ nanowire junction is the dominant contact resistance. This is expected based on considerations of the area and previous estimates of the resistance at the second contact of 50-200 U. 24 It is also clear that the contact resistance is very substantial and dominates the raw I-V data.
cAFM is inconvenient for temperature-dependent I-V measurement, therefore two-terminal Au microelectrode devices were fabricated in order to study this aspect. The DNA/Pd nanowires were transferred by the method of molecular combing onto clean Si/SiO 2 substrates in the gap between microfabricated Au electrodes. In contrast to the case of polymer nanowires, 4 the large contact resistance observed with Pd/DNA samples makes the I-V measurements of single Pd/DNA nanowires by two-terminal measurements difficult and non-linear characteristics were oen observed (diode-like characteristics with a turn-on voltage of x0.6 V). Treatment of the single nanowires with reducing agents (gaseous hydrogen) did not reliably improve the behaviour. Instead we found that omitting the silanization of the SiO 2 resulted in networks of Pd/DNA nanowires with consistent linear I-V characteristics (Fig. 12) . Such nanowire networks have the advantage of having multiple routes for current ow within the nanowires and between the nanowire network and the contact pads. The networks exhibited linear I-V curves with measured currents in the nA range compared to the leakage current of the electrodes alone (x100 fA). The conductance at zero bias increased with temperature over the range 233-373 K, which is opposite to the expected behaviour of a metal. However, similar observations 68 have been made and attributed to a conduction mechanism based on the concept of a granular metal. Such behaviour seems natural given the mechanism of growth discussed above and the small grain size observed.
The single Pd/DNA nanowires also showed increased currents at higher temperatures; the linear portion of the data above the turn-on voltage could be used to make a plot of lnG versus 1/T from which an activation energy of 0.35 eV was derived, but the interpretation of this value is not straightforward. The zero bias conductance of the network was simpler to analyse and the behaviour for a granular metal under conditions where the grains are separated by a tunneling barrier was obtained (Fig. 12 ). The regression line shows the t of the EfrosShklovskii law, 69, 70 
, to the data and T 0 ¼ 1850 AE 120 K or in terms of an energy, 0.16 AE 0.01 eV. 
Hydrogen sensing with Pd/DNA nanowire networks
The more reliable electrical behaviour of the nanowire networks makes for a signicantly more robust and resilient sensor than our single Pd/DNA nanowires. We have previously described the sensor performance in more detail, 71 but give here a brief summary before discussing the modelling of the sensor response in terms of hydrogen diffusion in the nanowires. Fig. 13 shows the response of the resistance of the network to pulses of H 2 /N 2 mixtures and pure N 2 gas. The increase in resistance is caused by adsorption of H 2 on the Pd surface dissociation to atomic hydrogen and in-diffusion to form the more resistive Pd hydride.
72
The device signal, dened as S ¼ R H2 À R N2 R N2 , is clearly reversible and the time for 90% of the signal to be achieved was about 85 s at 2300 ppm hydrogen. Recovery was slightly faster with a 90% recovery time of x60 s. The sensitivity is comparable to previous devices, 47, 50 although the response times are rather slow by comparison with electrodeposited Pd nanowires 47 which have larger crystallite sizes. The maximum sensitivity of the sensor is increased from 0.09 to 0.26 with increasing temperature from 330 K to 400 K with good repeatability. Interestingly, this is in contrast to previous reports in which sensor response was observed to decrease with increasing temperature from 323 to 373 K, 46 although it should be noted that it has recently been shown that even the sign of the response can change with temperature and that there may be competing effects such as hydride formation and swelling of the material in a single device.
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The response of the network to hydrogen was modelled as that of an ensemble of identical nanowires. The sorption of hydrogen in the nanowires was treated as a standard diffusion problem with cylindrical symmetry:
The boundary and initial conditions are C ( vZ 2 vanishes for a nanowire which is uniform along its length. We also assume that the process is limited by diffusion in the cylindrical nanowire and not by any barrier at the surface. The radial variation of the dimensionless concentration is given by 
where J 0 and J 1 are Bessel functions of the rst kind of order zero and one and the l n are the zeros of J 0 on the positive real axis. In order to model the change in conductance, we assume that the conductivity of the Pd/DNA nanowire is determined by the local hydrogen concentration, the fractional change is small and the relationship is linear:
The fractional change in conductance (G) of the nanowire can then be expressed in terms of the integral of 2prs in eqn (5) from R ¼ 0 to R ¼ 1:
Substituting eqn (4) into eqn (6) gives the nal result which can be used to model the data for conductance or resistance changes upon exposure to hydrogen:
The system is linear, so the corresponding equation for the diffusion of hydrogen out of the nanowires upon exposure to nitrogen is simply: Eqn (7) and (8) were used as the regression models for the experimental data at each measured temperature (Fig. 14) . The sums were truncated aer l 20 which was found to give sufficient precision. We estimated the hydrogen atom diffusion coefficient in Pd/DNA at 330 K as 1.4 AE 0. 14 Change in nanowire conductance as a fraction of the steady-state value (DG max ). The temperature was 330 K, the mean nanowire radius was 20 nm and the hydrogen diffusion coefficient determined using eqn (7) as a regression model was 1.4 AE 0.1 Â 10 À14 cm 2 s À1 . studied H/D exchange in Pd using molecular beams; the exchange takes place on a timescale of order 10 s for 7 nm diameter Pd nanoparticles at 280 K. 78 Our results are therefore not unprecedented for Pd nanostructures. The Pd/DNA nanowires here consist of small crystallites and therefore the low diffusion coefficient may be caused by grain boundary traps. 74 We did observe a small difference between response and recovery, but with the recovery process slightly faster (Fig. 15) . This suggests that diffusion is not the sole process limiting the response rate.
The diffusion coefficient is plotted as a function of hydrogen concentration at 330 K (Fig. 15) 26 which have been shown to have a beads-on-a-string morphology in which the diameter of the wire matches the crystallite size estimated by diffraction. The nanowires are substantially less conductive than bulk Pd, but when prepared in the form of networks on Si/SiO 2 substrates by molecular combing, they show stable I-V characteristics and their resistance increases in a reversible manner upon exposure to hydrogen gas. These networks exhibit response and recovery times of the order of 1 min and the fractional change in resistance was 26% at 400 K and 2300 ppm hydrogen. The hydrogen diffusivity estimated by modelling the sensor response was substantially smaller than the previous reported values for bulk Pd and thin lms, which is likely due to grain boundary effects as a result of their granular nature. Nevertheless, these nanowire networks show comparable sensitivity to single Pd nanowire sensors and are very simple to fabricate.
